Abstract Behavioural research on domestic pigs has included parent-offspring conflict, sibling competition, and the use of signals which influence resource allocation.
Introduction
Modern western breeds of swine, descended from the Eurasian wild boar (Sus scrofa), were first domesticated 5,000-10,000 years ago (Zeuner 1963) . The dynamics of sow-piglet and piglet-piglet interactions have been studied extensively partly because of the species' economic importance. As we illustrate below, the biology of the pig makes it a particularly interesting subject for understanding resource allocation between parents and young and among siblings-behavior that incorporates parent-offspring conflict and sibling rivalry. This paper is part of a series of reviews on parent-offspring conflict (see Hudson and Trillmich 2007) . In this paper, we review key sow-piglet behavioral studies and discuss their relevance to resource allocation theory. Much of the original research was first published in agricultural journals and may not be well known to behavioral ecologists. We begin with a brief review of the natural history of the pig, as this provides important context for what is to follow.
Natural history of the pig
Although domestic pigs show some divergence from their ancestral form and life history patterns, this heritage is still reflected in many of the behaviors seen today. Pigs are members of the order Artiodactyla (even-toed ungulates) and the suborder Suina which includes peccaries and hippopotami (Graves 1984) . In the wild, S. scrofa typically live in social groups of two to five related females and their immature offspring (Dardaillon 1988; Graves 1984) . Mature males are solitary, associating only with sexually receptive females (Graves 1984) . A number of observational studies indicate that estrus is strongly linked to food availability and sow condition (Graves 1984; Baber and Coblentz 1986) .
Wild pigs are promiscuous, and although males actively compete for access to females (Graves 1984) , behaviors such as mate guarding or harem formation are not evident. Domestic sows readily mate with different males and often produce litters of mixed paternity. The domestic sow's long estrous period (2-3 days), combined with the relatively large volume of semen produced by boars, suggests that sperm competition may be important (Fraser et al. 1995a) .
Wild sows have, on average, only four to five piglets per year (Mauget 1982) , but litter size can vary from 4 to 13 (Mohr 1960 cited in Algers and Jensen 1985) , with one or two litters per year depending on conditions (Mauget 1981) . A pregnant sow will leave her social group a day or two before giving birth, find a suitable farrowing site and construct an elaborate nest of branches and grass in a depression that she has rooted out (Graves 1984) . When her offspring are approximately 10 days old, the sow will rejoin the group (Dardaillon 1988) . Once within the group, lactating sows will often tolerate the suckling of offspring that are not their own (Eisenberg and Lockhart 1972; Newberry and Wood-Gush 1985) ; thus, pigs are one of many mammalian species that provide some degree of care to non-descendant young (see for example, Jennions and Macdonald 1994) . Group living likely offers increased thermoregulation (Bautista et al. 2007 ) and vigilance and allows sows to spend more time foraging without neglecting the defense of their young (Mauget 1981; Graves 1984) . Given that group members are related, the cost of milk "theft" may be mitigated by inclusive fitness. Offspring are weaned at 2-3 months of age (Newberry and Wood-Gush 1985) and disperse when sexually mature (7-8 months old) or when the sow is ready to farrow again (Conley et al. 1972 cited in Graves 1984 .
Domestic pig breeds retain many of the behavior patterns shown by the wild species. When allowed to become feral or when placed in free-range conditions, domestic pigs will rapidly revert to ancestral social and behavioral patterns. Sows will form groups, and pregnant sows will leave their group to build a nest and farrow (Csermely 1994; Jensen 1986) . In fact, sows will perform nest-building movements even when confined indoors on concrete flooring. Unlike wild boar, domestic pigs may breed throughout the year with no distinct mating season (Peine and Farmer 1990) . While broad patterns of behavior remain intact, artificial selection has led to larger body size, increased number of teats, and larger more rapidly growing litters in modern breeds.
Parent-offspring conflict
As explained by Trivers (1974) , parents do not always share the same interests as their developing offspring, and conflict between parents and offspring can occur over the amount and duration of parental care. We would expect parent-offspring conflict to occur whenever the level of post-natal investment that maximizes the parents' fitness is lower than that which maximizes the fitness of each offspring.
Generally, there is a trade-off between the number and the quality of young produced in a single reproductive event (Campbell 1996) . Large clutch sizes and small young are typical of animals whose offspring experience high mortality rates (Campbell 1996) . Domestic pigs fit this "low investment, high volume" pattern quite neatly. Unlike most ungulates, they produce multiple young per parturition, and piglets are born small (roughly 0.5% of their mother's body weight; Fraser and Thompson 1991) , with no subcutaneous fat and very little body fat in total (1-2% of their body weight; Herpin and Le Dividich 1995). The energy available to piglets at birth is remarkably low: calculations derived from glycogen and fat stores indicate that per unit of body weight, a piglet has only 66% of the energy stores available to a newborn lamb and 30% of that available to a calf (Herpin and Le Dividich 1995) . Correspondingly, piglet mortality rates are high: in domestic breeds, an average of 12% of piglets born alive die before weaning (Varley 1995) , with greater losses in free-ranging environments (cited in Andersen et al. 2005) . Studies of wild boar suggest a pre-weaning mortality of 21% (derived from Fernández-Llario and Mateos-Quesada 2005) in nature and 30-40% when farmed (cited in Andersen et al. 2005) . Feral piglets can experience mortality above 50% within the first 2 to 4 months of life (Baber and Coblentz 1986) . Trivers (1974) highlighted weaning as the period when the divergent interests of parent and young are perhaps the most visible. However, conflict over the distribution of resources between parent and young should, in theory, be present throughout their association, including during pregnancy and early post-natal development. Sows invest relatively little energy per piglet during pre-natal development, so the most energetically efficient time for brood reduction is likely shortly after birth. Significant neonatal mortality may actually improve a sow's overall fitness by enabling her to invest more resources in her remaining young while maintaining her own body condition. Thus, we may expect that conflict of interest should be high soon after birth, with the sow's average investment being below each piglet's ideal. However, as total investment by the sow accumulates over time, there should be a point when the sow's fitness is best served by ensuring that her current young reach independence. During this period, sow-piglet interests should be most closely aligned, but once piglets are capable of independent survival, interests will again diverge and weaning conflict should ensue.
The amount of suckling a sow allows will directly affect her piglets' growth and condition. However, high milk production also results in high energetic demand on the sow and can lead to substantial weight loss during lactation (see below). Thus, conflict should be visible through differences in nursing frequency, piglet weight gain and sow weight loss when rearing systems give greater control to one party or the other. Some estimate of the level of conflict between sows and piglets can be made by comparing behavior in free-range systems (where sows can actively avoid the piglets) versus confinement systems (where they cannot). Controlled experiments can provide more specific comparisons.
When pigs are housed in large outdoor enclosures, sows can exert some control over their level of contact with their young. In these systems, sows appear to allow piglets to suckle frequently (and for as long as they wish) during the first 48 h after farrowing but to then progressively reduce nursing frequency and duration through the active termination of nursing bouts (Fig. 1; Csermely 1994; Jensen and Recén 1989) . This pattern is similar to that seen in other species (for example: cats, Felis cattus, Schneirla and Rosenblatt 1961; goats, Capra aegagrus hircus, Alley et al. 1995; rhesus macaques, Macaca mulatta, Gomendio 1991) . By the end of 4 weeks, nursing frequency and sow contact with the litter is substantially reduced and the piglets have begun to consume solid food (Jensen 1988; Jensen and Recén 1989; Newberry and Wood-Gush 1985) . Interactions and nursing continue to decline until the piglets are fully weaned at 12-16 weeks of age (Jensen 1988; Jensen and Recén 1989; Newberry and Wood-Gush 1985) .
By contrast, in most commercial farrowing systems, lactating sows have little control over contact with their piglets, as they are typically housed in "farrowing crates". These crates are restrictive enclosures for the sow designed to reduce the chance of her accidentally crushing her young. The crate prevents the sow from walking or turning around, and thus, from moving away from the litter. Piglets spend more time nosing and massaging the udder of sows in crates than of sows with greater freedom (De Passillé and Robert 1989; Rantzer et al. 1995) . Sows in crates limit the piglets' suckling in the few ways possible: by standing or sitting and by spending more time resting on their sternum (thus, covering the teats) than free-ranging sows (De Passillé and Robert 1989; Rantzer et al. 1995) . These avoidance tactics are likely limited in their effectiveness and, as a result, we would expect nursing rates, piglet weight gain, and sow weight loss to be higher in such confinement systems.
Variation in food availability, temperature, and other factors limit the value of comparisons between outdoor free-range and indoor intensive rearing systems. In a more controlled comparison, Pajor (1998) modified standard indoor housing to create an area where sows could get away from their litters by stepping over a partition. To increase the cost of maternal care, sows were given a diet that was low in the limiting amino acid lysine. When compared to sows that could not escape from their piglets, sows with access to a "get-away" area lost 37% less weight, nursed 44% less frequently during the fifth week of lactation, and were able to rebreed slightly earlier (Pajor 1998) . Although piglets of these "get-away" sows presumably consumed less milk, they were able to maintain normal weight gains by consuming more of the highly palatable solid feed that was available ad libitum (Pajor 1998) . The limited supply of essential nutrients for sows in this study likely mimics natural conditions where sows face some form of nutritional limitation. For example, Baber and Coblentz (1986) reported that the body condition of Days after birth lactating feral sows declined in the summer when nutrition was poor and that "[m]any of these animals appeared unable to sustain lactation for 3 to 4 months...[meaning that] piglets were probably weaned earlier and in poorer condition...." Similar studies using well-balanced sow diets have resulted in similar behavior, but less effect on sow weight loss and return to estrus. Sows that were able to get away from their young significantly reduced their nursing frequency Weary et al. 2002 ; Fig. 2 ), but did not differ from the controls in post-lactation weight or time to estrus apparently because confined sows compensated for their higher nursing frequency by consuming more feed Weary et al. 2002) . Piglets compensated for the reduced nursing frequency in "get away" housing by increasing their intake of solid feed before weaning Weary et al. 2002) .
As in free-ranging conditions, sows in "get away" housing increased the time they spent away from their litter and reduced their nursing frequency over the course of lactation Pitts et al. 2002; Weary et al. 2002) . Sows that were relatively thin at parturition, and those that gave birth to larger litters and heavier young, tended to make greater use of the get-away area and to nurse less frequently (Pitts et al. 2002) .
To help separate the effects of sow and piglet behavior, one study provided get-away access for the piglets but kept sows in conventional farrowing crates . Under these conditions, sows were unable to get away, but piglets from multiple litters were able to use a common area where they had access to solid food. Piglets kept in this condition spent more time away from the sow than those kept in conventional housing, and this increased time away translated into a slightly reduced nursing frequency. However, as would be expected in a situation where piglets maintain control over access to the sow, they suffered no ill effects from these behavioral changes; piglets gained body weight at the same rate as controls and did not show the increased intake of solid food observed in experiments that allowed the sows to control the level of interaction.
Sibling rivalry and siblicide
Where parental resources are limited, we can expect siblings to compete because each sibling derives a greater fitness benefit from the parental investment that it receives than from the parental investment received by other members of the litter (Godfray 1995; Hudson and Trillmich 2007; Mock 2004; Trivers 1974) . This conflict of interest sets the stage for both direct and indirect competition among littermates. Direct competition takes the form of fighting for access to the udder. Indirect competition occurs through the modification of the uterine environment and through unequal extraction of resources from the sow, both from the placenta before birth and from the mammary glands after.
Competition among piglets begins in the uterus. During estrus, sows ovulate the majority of their follicles over a short period of time and then a few additional follicles over an extended period (Pope et al. 1990 ). This creates differential development among embryos, with the more developed majority having a survival advantage over the less developed (but equally viable) minority (Pope et al. 1990) . While the exact cause of higher mortality rates in the less developed embryos is unknown, the increasing synthesis of estradiol by advanced embryos appears to be involved. This steroid hormone modifies the uterine environment and triggers the release of complex uterine secretions (including growth factors, calcium, and prostaglandins) which may place less developed embryos at a disadvantage (Pope et al. 1990 ). Administration of estrogen during early development is directly linked to embryonic death (Gries et al. 1989) .
There is also competition over space. Embryos require approximately 20 cm of the sow's uterine length to survive The number of nursing episodes per day in relation to piglet age for sows that were confined with their young (empty square) and those that could leave (black diamond; adapted from Weary et al. 2002) (Dziuk 1985) and 30 cm to develop fully (Dziuk 1992) . Embryo density is greatest in the central portion of the uterus and decreases toward the tips of each uterine horn. According to Dziuk (1992) , 7% of embryos carried in the crowded central area of the uterus die early in the pregnancy. Moreover, because the middle portions of the uterine horns do not provide enough space to support maximum growth, 7% of surviving piglets from this region have unusually low birth weights (Dziuk 1992) . This body size difference at birth has implications for later growth and survival. Direct neonatal piglet competition centers on access to teats. Piglets are precocial and capable of active competition within minutes of birth. Shortly after birth, some piglets will locate and retain possession of a teat. Those who fail to do this will shift from place to place along the udder, initiating fights and attempting to displace other littermates (Scheel et al. 1977) . Displaced piglets face a double cost: they expend energy in finding and obtaining a teat and they often fail to obtain colostrum and milk during early nursing episodes (Scheel et al. 1977) . Approximately 43% of piglet deaths result from starvation or the crushing of weakened malnourished young (English and Smith 1975) , and 80% of neonatal deaths occur within the first 3 or 4 days after birth (Svendsen 1992) . Competition, rather than a general inability to thrive, appears to be the cause of many starvation deaths (English and Smith 1975; Hartsock and Graves 1976; Fraser et al. 1995b ). When Lecce (1971) identified low-birth-weight piglets (which were assessed as unlikely to survive) and raised them on automatic feeding systems without competition, these piglets grew as quickly and efficiently as other animals.
Under normal conditions, birth weight is a reasonable predictor of survival (Broekman 1985; Pluske et al. 1995; Scheel et al. 1977 ; Fig. 3 ). Larger piglets are more resistant to cold (Herpin and Le Dividich 1995) and consume more colostrum (Fraser and Rushen 1992) . Heavier piglets also win more fights over access to teats (Scheel et al. 1977) , gain more weight (Milligan et al. 2001) , and experience lower mortality (Cutler et al. 1999; Tuchscherer et al. 2000) .
Early birth may also confer advantages (Tuchscherer et al. 2000) . Passive immunity is obtained via immunoglobulins in the colostrum. The concentration of these proteins declines as much as 50% during the first few hours of nursing; hence, late born piglets may receive less than their siblings (Bourne 1969; De Passillé et al. 1988) . Colostrum is also an important source of energy for the newborn, and supports the maintenance of body temperature (Herpin and Le Dividich 1995) . Newborn piglets sample an average of seven different teats within the first 8 h after birth (De Passillé and Rushen 1989) , and this behavior likely helps them maximize their intake of colostrum (De Passillé et al. 1988) . Each teat, however, supplies only 50-100 ml before intra-mammary pressure is reduced to the point that withdrawal becomes difficult for the neonate (Fraser 1984) . This pressure can rebuild within 10 to 20 min through the release of oxytocin (Fraser 1984) , but available colostrum is quickly depleted by the piglets already occupying the teats. As a result, late born young may have lower colostrum intake than earlier born siblings. Simulated birth order offers some support for this: piglets introduced to the udder at 3 h after the start of farrowing had less colostrum intake than those introduced at 2 h (Fraser and Rushen 1992) .
Competition among littermates is made more dangerous for the combatants by the peculiar dentition of the newborn piglet (Fig. 4) . Piglets are born with their deciduous canines Piglet birthweight (grams) mortality % of piglets born Fig. 3 The percentage of piglets born in different birth weight classes and the percentage that died before weaning. From a study of more than 7,000 piglets by Broekman (1985) and third incisors fully erupted and angled in such a way that the sideways biting action that piglets use to displace siblings from teats can result in significant facial lacerations (Fraser 1975 (Fraser , 1990 Fraser and Thompson 1991; . These weapons appear to function solely in early intra-litter competition, as growth of the jaw and eruption of other teeth render them insignificant at other ages. To prevent injuries, farmers commonly clip the teeth soon after birth. However, Fraser and Thompson (1991) showed that in large litters, piglets with unclipped teeth gained more weight than similar littermates with clipped teeth, and that unclipped teeth led to a significant improvement in the survival of piglets of low birth weight. Piglets generally settle into an orderly feeding pattern during their first week (Fraser 1975; Hemsworth et al. 1976) , with little overt competition at the udder. This reduction in open conflict is the result of a stable system of teat preference whereby piglets consistently return to the same teat or same pair of teats at successive suckling episodes (Donald 1937; Fraser 1975; Hemsworth et al. 1976 ). The teat that becomes the piglet's permanent suckling position tends to be the one that the piglet was able defend from rivals during the first 6 h after birth (Scheel et al. 1977) .
Not all teats are equal. During the first hours after birth, when still squabbling over position, piglets show a strong attraction to the anterior portion of the udder (Donald 1937; Scheel et al. 1977; Jeppesen 1982 ; but see Fernández-Llario and Mateos-Quesada 2005). Previous authors have speculated on proximate reasons why this may be so: that the pattern of hair on the sow's belly directs the piglet in a posterior-to-anterior direction (McBride 1963; Rohde Parfet and Gonyou 1991) , and an attraction to the sow's voice also draws piglets forward (Jeppesen 1982) . Ultimately, however, there may be an advantage to claiming anterior teats.
Piglets help to initiate nursing bouts and stimulate milk ejection by nuzzling the sow's udder, and anterior teats are known to be more sensitive to this massage (Fraser 1973) . There is also evidence that anterior teats produce slightly more milk. For example, Gill and Thomson (1956) estimated that over a 56-day lactation period, there was an average 15% difference in piglet weight gains along the udder, with piglets using the front four teats consuming more milk during each nursing than those using the back four. Similarly, pigs on anterior teats show greater overall growth (Fraser et al. 1979 ). Both of these comparisons, however, are multiply confounded by variations in suckling strength and initial body size. Specifically, piglets that are larger at birth may be better able to maintain ownership of an anterior teat (where competition is more severe); greater initial body size may reflect greater potential for growth; and larger body size and suckling strength may induce greater milk production through increased demand as discussed below. Where differences in teats exist, they may become important in the subtle indirect competition that occurs throughout lactation.
Indirect competition among littermates is illustrated by cross-fostering experiments that impose experimental control on variation in piglet body weights. Piglets of medium birth weight assigned to litters with heavier foster siblings gain less weight than similar piglets assigned to litters with lighter foster siblings (Fig. 5) . This suggests that littermates Piglets from pairs of litters born on the same day were ranked from the A (heaviest) to the D (lightest) quartile of the combined litter. One sow raised quartiles A and B, while the other raised quartiles C and D. The C piglets began lighter than the B piglets but had the advantage of being the largest individuals in the re-assigned litters, whereas the B piglets were the smallest in theirs. Under these conditions, the C piglets gained more weight than the Bs by 21 days of age (adapted from Fraser et al. 1979 ) Fig. 4 The teeth of domestic pigs at three different ages showing the changing orientation of the third incisor (arrow) during growth: from a pronounced canine-like position at birth (top jaw), to a more forward orientation at an age when the pig, under natural conditions, would be almost entirely weaned (bottom jaw; from Fraser 1990) indirectly affect each other's milk intake (Fraser 1990; Fraser et al. 1979 ). This indirect competition could occur in various ways. Larger, more vigorous individuals may be able to drain their teat more efficiently, thus, potentially stimulating higher production in that section of the udder (Fraser 1990) . Alternatively, by vigorous massage of its teat, a piglet may be able to stimulate blood flow, and hence, attract blood-borne nutrients and hormones to the mammary tissue in that area (Algers 1993; Algers and Jensen 1985; Fraser 1984) . Within a week or two of birth, a pattern emerges whereby growth rate becomes increasingly a fixed percentage of body weight (Thompson and Fraser 1986) . In this way, differences established within the first 1-2 weeks are perpetuated and amplified over the rest of the lactation (Thompson and Fraser 1986; Thompson and Fraser 1988) . Taken together, the variation in body weight, the overt competition, and the high early mortality present a situation similar to that found in some species of birds where asynchronous hatch times result in body size differences within the brood (Fraser et al. 1995a) . In these species, sibling rivalry results in the death of some siblings. This can occur directly through overt aggression as in the swallow-tailed kite (Elanoides forficatus; Gerhardt et al. 1997 ) and the lesser spotted eagle (Aquila pomarina; Meyburg 1974), or indirectly through aggression and intimidation, ultimately leading to starvation, as in goshawks (Accipiter gentilis; Schnell 1958) and great egrets (Casmerodius albus; Mock 1987).
Sibling rivalry leading to death is so common in these species that it would appear to be a reproductive strategy. In some cases, extra offspring may act as insurance against loss of young through accident or predation (Forbes 1990) . In environments where resources are variable and the cost of producing extra offspring is small, it may be advantageous for the parent to produce some low-investment "spare" young (Lack 1947; Mock 2004; Trillmich and Wolf 2007; White 2007) . Should resources be plentiful, all of the young survive and the parent derives an extra benefit at minimal cost (Mock 2004; Mock and Parker 1998) . However, should resources be limited, competition between siblings (triggered by hunger) reduces the brood to the number that can be provided for (Mock 1984 ). In such "facultative siblicide" systems, there tends to be a body size difference among offspring. This variation may provide a selective advantage such that the larger young (which have received more investment) are not harmed by the presence of the smaller low-investment young in times of shortage (Mock 1984; Trillmich and Wolf 2007) . From this perspective, some of the early piglet mortality might be viewed as facultative siblicide (Fraser 1990 ) and pigs, like spotted hyenas (Golla et al. 1999; Smale et al. 1999; Hofer and East 1997; White 2007) , may be considered one of only a few species of mammal that follow this strategy.
Signals of need
Sow-piglet communication makes use of physical, auditory, and olfactory signals (Rohde Parfet and Gonyou 1991) . Most studies center on vocal and physical interactions, as these are the easiest to measure. Sow-piglet interactions are highly vocal. For example, sows change their grunt rate in a way that signals the imminent ejection of milk (Fraser 1980) , and background noise that masks these vocalizations can severely disrupt normal suckling behavior (Algers and Jensen 1985) . Moreover, piglets call when hungry (Algers and Jensen 1985) or when isolated from the sow (Weary and Fraser 1995) and sometimes scream while competing at the udder (Appleby et al. 1999) . Studies also indicate that a sow can differentiate between the vocalizations of her own offspring and those of others (Illmann et al. 2002) . Physical communication between sows and piglets involves, most notably, the stimulation of the teat before and after milk ejection. Sustained coordinated massage of the udder is necessary to trigger milk ejection in the sow (Fraser 1980) , and massage after milk ejection is an energetically costly behavior which may influence milk production for subsequent nursing episodes (Algers and Jensen 1985, 1991; Gill and Thomson 1956; Spinka and Algers 1995) . Hormonal studies indicate a quantitative relationship between udder massage and the release of prolactin, glucagon, and vasoactive intestinal polypeptide, suggesting that the sow's metabolism is altered by the piglets' behavior (Algers 1993; .
Where parent-offspring conflict exists over resource allocation, we might expect an escalation of signaling because a strong signal by the young could elicit a response from the parent that more closely matches their optimal level of investment, while the parent might become decreasingly responsive to such signals to maintain investment closer to their own optimum (Godfray 1991) . "Honest" signaling between parent and offspring is expected to evolve either where there is no conflict of interest between the sender and the receiver or where conflict of interest exists but there are costs to signaling that mitigate any advantage obtained through dishonesty. In the first scenario, where interests are mutual, we would expect communication between parties to convey honest information and for this information to be sent at the minimum level required to convey it (Maynard Smith 1994) . In the second scenario, signals of need are kept honest only if they incur a fitness cost that limits escalation over time (Kilner and Johnstone 1997; Godfray and Johnstone 2000) . Honest signaling theory, as it pertains to offspring solicitation, makes three predictions: (1) that signal intensity will increase with offspring need, (2) that parents should respond to, or provision young, in relation to signal intensity, and (3) that the signal should be costly (Kilner and Johnstone 1997) .
In pigs, the communication of milk availability by the sow could be considered a signal where both the parent's and offspring's interests align: the sow is motivated to be suckled, and the piglets are motivated to feed. Given this shared interest, we would expect the energetic expenditure of the sow on this signal to be low (as predicted by Maynard Smith 1994) , and yet, the response by the piglets to be high. This appears to be the case; moreover, this signal is part of a system which appears to regulate the level of sibling competition for milk.
As noted above, pigs are unusual animals in that they give birth to litters of many young (like most rodents and carnivores), yet the young are behaviorally precocious (like most other ungulates), and hence capable of competing for access to the udder (see also Fey and Trillmich 2007) . Several features of the sow's nursing system seem designed to prevent the more capable piglets from monopolizing the milk (Fraser 1980) . First, the sow requires roughly a minute or more of vigorous stimulation of the udder before ejecting milk. Hence, milk ejection is unlikely to occur unless most of the piglets have assembled. Second, the sow vocalizes throughout this stimulation, and the calls attract any missing piglets to the udder. Third, the milk ejection is very brief, typically lasting only 10 to 20 s and, because the teat has no anatomical cistern, piglets can withdraw milk only during this period. Piglets need to be sucking throughout the ejection to maximize milk intake; fighting during this time would mean lost milk. The sow signals the imminent arrival of milk by a sharp increase in her rate of grunting at the time oxytocin is released from the pituitary gland (Ellendorff et al. 1982; Fraser 1980) . The peptide takes about 20 s to reach the udder; hence, the increase in grunting comes about 20 s before the milk ( Fig. 6 ; Whittemore and Fraser 1974) . Once piglets are a few days old, they appear to hear this signal and switch from massaging the udder to sucking on the teats, and thus, are ready to consume the milk as soon as the ejection begins. In noisy environments, the synchronous change from massage to suckling breaks down, supporting the idea that the behavioral trigger is auditory (Algers and Jensen 1985) .
The calls uttered by piglets when they have been separated from the sow may be better understood using honest signaling theory. The first key prediction from this theory (that the level of signaling is positively associated with level of need) has been borne out in experimental studies. For example, Weary and Fraser (1995) compared the separation calls of piglets that varied in condition. Consistent with predictions, "non-thriving" (the lightest and most slowly gaining piglets) and "unfed" piglets (separated from the sow slightly earlier, and as a result, having missed the most recent nursing bout) vocalized more than their "thriving" and "fed" littermates when removed from the sow. Consistent with the second prediction (that parental response will vary in relation to signal intensity), sows exhibited a stronger and more rapid response to the longer higher pitched calls of needy young. When recordings of piglet vocalizations were played back to them, sows vocalized more themselves, moved around in their pen more, and spent more time near the playback speaker when they heard the calls of "needy" piglets than when they heard "non-needy" piglets (Weary et al. 1996) .
Teat massage by piglets may also be an honest signal of need (Jensen et al. 1998 ). In addition to massaging the teats before milk ejection, apparently to induce oxytocin secretion, piglets also massage the teats after the ejection for up to 15 min although no more milk is obtained during this massage (Jensen et al. 1998) . Final massage may ensure Two examples of nursing bouts showing the relationship between sow grunt rate, piglet behavior, and milk ejection. Sow grunt rate rapidly increases just before milk ejection, coinciding with the release of oxytocin from the brain. Piglets switch from massaging the udder to suckling when the sow's grunt rate increases. Active rapid suckling (between the two vertical lines) occurs approximately 20 s after the grunt rate peak, the time that it takes for the hormone to reach the mammaries and trigger milk ejection (adapted from Whittemore and Fraser 1974) future milk production (i.e., massage effort may be positively associated with food intake). Algers and Jensen (1985) suggest that the final massage may act as a means for piglets to "order" the volume of their future meals and for sows to adjust lactation according to brood size. In particular, massage performed after milk ejection may help stimulate later milk production at the teat by increasing blood flow to the mammary tissue and by stimulating the release of hormones that affect lactation (Algers 1993; Algers and Jensen 1985; . Spinka and Algers (1995) offer some support for this hypothesis, with the duration of final massage being positively correlated to future total milk transfer. Consistent with honest signaling theory, piglets that were prevented from feeding for one milk ejection massaged more intensely and for a longer time afterwards than did those that had fed and those that had received supplemental milk (Jensen et al. 1998 ).
The fitness costs associated with these signals have not been studied. Both teat massage and calling likely involve some energetic costs. These costs could have fitness consequences especially for newborn piglets with limited energy reserves. Vocal signals could also involve additional costs, in particular attracting the attention of potential predators. Future work needs to address these costs and determine how they vary with piglet condition. In particular, we expect that the fitness costs of signaling may actually be less for those piglets in better condition (e.g., with more energy reserves), and that this inequality in the cost of signaling will also affect these behaviors. Signal intensity in systems where there is more than one offspring may be influenced by sibling competition. Offspring in these systems are expected to respond to both their own state and that of their siblings when soliciting resources (Godfray and Johnstone 2000) . In light of high levels of sibling conflict, pigs may be an interesting system in which to test this concept.
Conclusions
Given that pigs have been domesticated for thousands of years, do they remain useful for studying resource allocation theory? Certainly, the behavior of pigs has been modified by domestication. There has undoubtedly been selection for certain behavioral and temperament traits such as tolerance of human presence. Selection for certain other traits has probably been relaxed; for example, with the physical protection offered by modern farrowing environments, selection may no longer favor sows that avoid crushing newborn young. Nonetheless, studies of modern pigs raised in semi-natural conditions (Newberry and Wood-Gush 1985; Jensen 1986 Jensen , 1988 indicate that the major qualitative elements of parent-offspring behavior seen in wild pigs remain largely intact. Moreover, some natural selection has undoubtedly continued during domestication: In particular, piglets must compete with their littermates and secure resources from the sow if they are to survive and reproduce. Even artificial selection for certain commercially important traits, such as large litter size and rapid growth, has likely tended more to reinforce rather than to counteract the effects of natural selection. In particular, the pig's basic strategy of producing numerous small young which engage in severe sibling competition has obviously been retained and perhaps accentuated by selection for larger litters. In short, then, although there is a need for judgment and awareness of the effects that domestication may have had, we consider that domestic pigs, with their complex nursing and suckling behavior and various modes of communication, provide a rich system for the study of parent-offspring behavior and resource allocation among parents and young.
